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Introduction
In a Mediterranean-type climate, forest ecosystems are typically subjected to high temperature and scarce soil water availability during most of the summer. Moreover, due to the impact of climate change, more ex treme drought periods are expected for the coming decades as a consequence of reduced precipitation during summers (IPCC 2007 , Sarris et al. 2007 ). Under such conditions, gas exchanges will be largely limited by the availability of water for transpiration (Ram bal et al. 2003) . Partial stomatal closure is one of the key mechanisms adopted by trees to save water and to avoid cavitation risks (Tyree & Sperry 1989 , Irvine et al. 1998 , Cinnirella et al. 2002 .
In turn, climate change may result in a ne gative impact on plant carbon assimilation through the increase of stomatal limitation to photosynthesis (Jarvis & Davies 1998 , Lawlor & Cornic 2002 . Thus, by the adjust ments of stomatal conductance (gs) and ma ximum CO2 assimilation (Amax) in response to increasing drought will depend the amount of carbon that can be assimilated by trees. Additionally, these adjustments will determine the ability of Mediterranean forests to counterbalance the negative effect of increasing drought on growth and, con sequently, on the gross primary production (GPP - Rambal et al. 2003) . In semi-arid en vironments, the shape and the values of Amax and gs will also determine the intrinsic wateruse efficiency (WUEint), a component of the long-term water-use efficiency (WUET, the amount of carbon gain per water lost). WUEint is also a key parameter for deriving the productivity and the amount of carbon assimilated by forests (Ripullone et al. 2004 ).
Previous models were based on the simpli fying assumption of a constant linear rela tionship between gs and Amax, with a simple dependence upon vapour pressure deficit (VPD -Wong et al. 1979) . However, other studies have shown that this relationship is influenced by other environmental stresses such as soil moisture (Ball et al. 1987 , Leun ing 1995 . Non-stomatal limitations (i.e., mesophyll conductance and biochemical re actions -Rubisco, etc.) may be involved even under mild-moderate water stress (Fl exas & Medrano 2002 , Grassi & Magnani 2005 , thus changing the Amax and gs rela tionship (and consequently the WUE).
The use of stable carbon (δ 13 C) isotope as a powerful tool for investigating the balance between Amax and gs (see isotope theory) has grown steadily during the past two decades. The positive relationship between WUE and δ 13 C arises through their independent lin kages to the ratio of internal to ambient CO2 concentrations (ci/ca - Farquhar et al. 1989 , Guehl et al. 1995 . To differentiate between the changes in δ 13 C driven by Amax or gs, Scheidegger et al. (2000) proposed the incor poration of δ
18
O in a dual quantitative model. In fact, δ
O is affected by transpiration rates, which is closely correlated with gs .
The broader purpose of this study was to test in the Mediterranean environment a dual isotope conceptual model (Scheidegger et al., 2000) to infer CO2 and H2O gas ex change activities of Arbutus unedo forest. To this aim, δ 13 C and δ
O in combination with direct measurements of leaf gas exchanges have been employed to give insight into the adjustments of gs and Amax resulting from dif ferent vapor pressure deficit (VPD) and soil water availability; this latter was changed by an experimental manipulation of the amount of precipitation reaching the soil. Further more, based on the observed variations in gsAmax and δ 13 C, the effects of water restriction on WUE were also examined.
Isotope theory

Carbon and oxygen isotopes
The stable isotope technique has been re vealed to be an important tool in identifying medium and long-term effects of environ mental factors on CO2 and H2O gas ex changes in plants. The carbon isotope com position (δ 13 C) of leaf organic matter reflects the fractionation processes occurring during the diffusion of 12 CO2 and 13 CO2 through sto matal pores and photosynthetic assimilation. In C3 plants, discrimination against 13 C is linked to photosynthesis via ci/ca, the ratio of intercellular (ci) to atmospheric (ca) CO2 con centrations as described by Farquhar et al. (1982 -eqn. 1 ): where δ 13 Cleaf and δ 13 Catm are the carbon iso tope compositions of leaf organic matter and atmospheric CO2, respectively, and a and b are fractionation factors occurring during diffusion of CO2 through stomata pores (-4‰) and enzymatic C-fixation by Rubisco (-27‰), respectively. According to equation 1, a lower ci/ca ratio results in an increased δ 13 Cleaf due to a lower discrimination (Δ) against 13 CO2. Environmental factors such as water availability and irradiance can cause variations of ci/ca, mainly through their ef fects on both stomatal conductance (gs) and photosynthetic activity (Farquhar et al. 1989 ). δ 13 C has largely been used as a proxy for long-term water-use efficiency (WUE, the amount of carbon gained per water tran spired) of C3 plants (Farquhar et al. 1989 ), thanks to their independent linkages to ci/ca (eqn. 2):
where VPD is the vapour pressure difference between the intercellular spaces and the at mosphere and Φ is the fraction of carbon respired by the plants. However, a simpler concept of WUE is often used (i.e., intrinsic water-use efficiency (WUEint = A/gs, the ra tio of CO2 assimilation to stomatal condu ctance) or instantaneous water-use efficiency (WUEinst = A/E, the ratio of assimilation to leaf transpiration) when the leaf-to-air va pour pressure difference is known (Farquhar et al. 1989) . These are both components of long-term WUE. Although it successfully captures WUE trends, δ 13 C fails to account for factors responsible for variations in WUE. These variations can be the result of changes in gs or A. For example, an increase in δ 13 C, interpreted as a reduction in ci and an improvement in WUE in the Farquhar model, can be the result of either: (1) re duced gs (at constant A); or (2) increased A (at constant gs).
The oxygen isotope composition (δ 18 O) of leaf organic material can be used for distin guishing between possible causes of va riation in δ 13 C, thanks to the link of δ 18 O with the isotopic fractionation of water dur ing transpiration in leaves. During transpira tion, molecules of water containing lighter isotopes (H2 16 O) tend to diffuse faster from the site of evaporation to the atmosphere. In this way, water becomes enriched in the heavier isotopes of 18 O, compared to water coming from the soil. The oxygen isotopic composition of leaf water at the sites of evaporation (ΔE) is expressed as follows (Craig & Gordon 1965 , Dongmann et al. 1974 , Farquar & Lloyd 1993 
where ΔV is the oxygen isotopic composition of water vapour in the air, ε * is the temperat ure-dependent fractionation associated with the lower vapour pressure of H2
18
O com pared to that of H2 16 O, εk is the kinetic frac tionation during evaporative water diffusion through the stomata and boundary layer, and ea/ei are the vapour pressures in the atmo sphere and intercellular air spaces, respecti vely.
Thus, according to this equation, the degree of leaf water enrichment depends on the rH. The latter represents the evaporative driving force, and a reduced rH causes an increase of δ 18 O in the leaf water. This enrichment is then expected to be reflected in the organic matter (De Niro & Epstein 1979 , Yakir 1992 , Farquhar et al. 1998 . δ 18 O, de termined in this manner, has often been found to be negatively correlated with gs , Grams et al. 2007 ).
Linking δ 13 C and δ 18 O in a dual isotope conceptual model
The dual isotope conceptual model pro posed by Scheidegger et al. (2000) repre sents a simplified tool to infer Amax and gs from the variation of δ 13 C and δ 18 O in plants. O that rH must have increased, while from the increasing δ 13 C, we infer a decrea sing ci. This reduction is explained by two possible cases: (1) Amax ↑ and gs ≈ or (2) Amax ≈ and gs ↓. Because plants in dry air tend to close their stomata, we choose case (2) as it is physiologically more plausible than case (1). Thus, δ 13 C reflects variation in ci, while δ 18 O is affected by variation in rH. This vari ation, in turn, drives changes in transpiration rates and gs.
Materials and methods
Study site and experimental design
The research was carried out in a droughtprone 50 ha of Mediterranean macchia. The site was dominated by the coppice A. unedo, which covers 65% of the surface. The study site, environmental conditions and stand characteristics are detailed in Tab. 1.
Two different levels of volumetric soil wa ter content (SWC, volume of water per 
Testing an isotope model to infer the physiological activity of forests volume of soil, multiplied by 100) have been imposed by an alteration of the amount of precipitation reaching the soil. This was done during the summers of 2004 and 2005 (June to August) on three replicated plots (~100 m 2 ). A mean value of 7% in SWC was obtained by partial rain exclusion (-20%), using a system of pipes suspended about 1.8 m above the forest floor (water-depleted plots, D). A mean value of 14% in SWC was obtained by adding water through a sprinkler net to simulate rain events (watered plots, W). A 10% threshold of SWC, established in a pre-treatment experiment, represented the dry (below) and well-watered (above) condi tions (Ripullone et al. 2009 ).
Water relations and gas exchange measurements
SWC was measured within the D and W treatments by probes (Campbell Scientific, INC, Logan, Utah, USA). These probes con sisted of two 30 cm long stainless steel rods, fully inserted into the soil at six different locations per replicate. The time domain re flectometry (TDR) method was used to translate the readings in SWC (Topp & Dav is 1985) .
Eight intensive field campaigns were car ried out during 2004 and 2005 to assess plant water status. Predawn leaf water potential (Ψpd) was measured on six to eight experi mental trees per replicate in D and W plots. For each tree we measured five fully expan ded leaves with a Scholander-type pressure chamber (PMS Instruments, Corvallis, OR, USA).
Maximum CO2 assimilation at saturating light (Amax) and stomatal conductance (gs) were measured using a portable infrared gas analyzer (LI-6400 Li-cor, Lincoln, NE, USA). Measurements were performed on 10 sunlit leaves of six trees growing in the cen tral portion of each replicated plot to avoid the "edge effect". Hours between 11:30 am and 15:30 pm on cloudless days were chosen for all measurements. This is when environ mental conditions were most stable and when photosynthetic photon flux density (PPFD) was above 1200 μmol m -2 s -1 (above saturating light conditions for A. unedodata not shown). In order to take into ac count the effect of vapour pressure deficit (VPD) in driving variation in WUE, we con sidered the instantaneous WUE (WUEinst), calculated from gas exchange measurements, as the ratio of Amax to leaf transpiration rate (E).
Carbon and oxygen isotope analysis
Six samples of non-fully expanded leaves were collected from each replicate plot in five field campaigns (June, July 2004 and June, July, September 2005) to measure car bon (δ 13 C) and oxygen (δ 18 O) isotopes. Leaf samples were collected from the same shoots where gas exchange measurements were per formed.
Bulk leaf samples were dried, ground to a fine powder and then weighed in tin cap sules, using a value of 0.6-0.8 mg for δ 13 C and 1. 
Statistical analysis
Values of treatments (W, D) are presented as the mean ± standard error and compared using the Student-Newman-Keuls test. Sta tistical significance was defined as P ≤ 0.05 and P ≤ 0.01. Linear regressions were ana lysed using Pearson correlation coefficients. All statistics were computed with the SPSS statistical package (SPSS, Chicago, IL).
Results
Carbon and water relations
As a consequence of treatments, significant differences in soil water content (SWC) emerged between water depleted (D) and watered (W) plots, although such differences were higher in 2005 than 2004 (Tab. 2).
In general, predawn water potentials (Ψpd) reflected the SWC conditions during the two years of the experiment (Tab. 2). Leaf vapour pressure deficit (VPD) showed a bimodal pattern with a minimum in winterspring and a maximum in summer, although July 2004 (4.8 kPa) was drier than July 2005 (3.5 kPa -Tab. 2).
Drier conditions during the summer had a strong effect on gas exchange activities. Si gnificant reductions of stomatal conductance (gs) and maximum CO2 assimilation (Amax) were observed over the seasons, in response to changes in water availability (Tab. 2 (Fig. 2) .
C/ 12 C and 18 O/ 16 O isotope ratios in leaf organic matter
The carbon isotope composition (δ 13 C) was not affected by changes in SWC and VPD during the experiment (Tab. 2), with the ex ception of June 2005, when only slight and significant differences were shown between D and W plots. This result was consistent with our gas exchange findings, in which little or no changes in intercellular CO2 con centration (ci) and WUEinst were found (Tab. 2). Furthermore, δ 13 C was negatively corre lated with ci/ca as derived from leaf gas ex change assessments (Fig. 3) . However, this result was significant only for treatment D (P < 0.05) and D+W (P < 0.01). A signifi cant and positive relationship (r = 0.76, P < 0.05) was also found between δ 13 C and WUEinst (data not shown).
In contrast, δ
18
O was found to be more sensitive to variations in soil water availabi δ 18 O significantly increased in response to reduced stomatal aperture (P < 0.05) and to the consequent leaf transpiration rate (Fig.  4) . The correlation was not significant when the two treatments were considered sepa rately, but they showed a parallel increase in δ 18 O with a reduction of gs. Both had a simi lar slope from the linear fit. A significant and negative correlation (r = -0.67; P < 0.05) was observed between δ 18 O and WUEinst (data not shown).
As a test of the dual isotope conceptual model, As a result, the enhanced drought affected water and carbon relations, leading to reduc tions in maximum CO2 assimilation (Amax) and stomatal conductance (gs) for A. unedo forests over the two monitored seasons. This result is in agreement with other studies on the same species (Castell et al. 1994 , Gratani & Ghia 2002 . Furthermore, variations in directly measured leaf physiological traits, e.g., the intercellular to ambient CO2 (ci/ca) ratio and gs, were well reflected in the carbon (δ 13 C) and oxygen (δ 18 O) isotope signature measured in bulk leaf material. In particular, our data show that measurements of δ 13 C can be used to make time-integrated estimates of ci/ca at the tree or stand scale (Farquhar et al. 1989) . In addition, the negative correlation between δ 18 O and gs that we observed for D+W is consistent with other studies (Bar bour & Farquhar 2000 , Sullivan & Welker 2007 . This indicates that δ 18 O values reflect the signal of gs variations under Mediterranean conditions. Although the correlation was not significant when the two treatments were considered separately, the similar slope and the parallel trend for the linear fit highlights the differences in gs behaviour in response to different water availabilities. In fact, with δ 18 O equal, gs was lower in D compared to W. This confirms stomatal control of transpiration, imposed by soil water restriction and coupled with high VPD conditions. Thus, the reliable correlation observed between δ 18 O and gs suggests that bulk leaf material was a suitable medium to infer the physiological performance of trees. This was previously observed by Sullivan & Welker (2007) and . While in other studies, the extraction of leaf cellulose was necessary because the δ 18 O determined in leaf matter was not correlated with gs (Grams et al. 2007 O scenarios pro posed in the model, our results matched scenarios C and G (see isotope theory). This means that ci remained almost constant, that gs and Amax were simultaneously affected, and that both increased (scenario G) or de creased (scenario C). Therefore, as air and soil water availability reduced in our experi ment, we can assume that both gs and Amax decreased (scenario C). The output of the model found a robust confirmation from our gas exchange measurements. In fact, we did not observe variation in ci between D and W over the two years of the experiment. Fur thermore, direct measurements of gas ex change revealed a reduction of both Amax and gs with increasing water stress (from W to D). The information deduced from the car bon and oxygen stable isotopes reflects the long-term integrated information of Amax and gs (because organic matter accumulates over some time) and are consistent with shortterm gas exchange measurements on a dif ferent time scale.
The down regulation of gs may have in duced a parallel decrease in Amax, suggesting that stomata strongly limit carbon assimila tion. However, a similar ci, found in this ex periment in D and W plots, indicates that photosynthesis may have been down-regu lated and that non-stomatal limitations may have played an important role (Lawlor & Cornic 2002) . Through a study of quantita tive limitation analysis carried out in July 2004 on the same experimental site, it was shown that non-stomatal limitations largely affected Amax (Grassi et al., unpublished data) , accounting for 35% of total limitations (9% biochemical -carboxylation and elec tron transport rate -and 26% resistance to CO2 from intercellular spaces to carboxyla tion sites). Several studies have shown evi dence that this is far from negligible, and it is often the most important factor under moderate water stress (e.g., Loreto et al. 1992 , Warren et al. 2004 , Grassi & Magnani 2005 .
Although the dual isotope approach has been shown to be a reliable tool to infer the relationship between gs and Amax, it is not able to explain in details the underlying mechanism involved. In fact, under Mediter ranean conditions, it is often necessary to as sess the contribution of stomatal and nonstomatal limitations in driving changes in Amax and gs and their weight in this ratio that, in turn, affects the WUE.
As a result of the parallel decrease in gs and Amax, we observed little or no differences in either WUEinst and integrated WUE as as sessed by δ 13 C. This result contrasts with most findings in Mediterranean areas, where a significant increase in WUE has been found , Lloret et al. 2004 . These results derive from a more intense stomatal control of water loss than inhibition of photosynthesis.
The large fluctuations in WUEinst over the two seasons appear to be mainly related to changes in VPD. Thus, VPD is considered an important parameter in driving gas ex changes in Mediterranean environment (Martínez-Vilalta et al. 2003) and in influen cing the productivity of forest ecosystems (Law et al. 2001 ).
Conclusions
The combination of δ 13 C-δ 18 O, in a semiquantitative conceptual model, proved to be a valid tool for investigating the time integ rated gs-Amax relationship under Mediter ranean conditions. In fact, a constant δ 13 C and an increase of δ
18
O isotopes in response to reduced air and soil water availability were consistent with a parallel decline of either gs and Amax, as assessed by gas ex change. The good correlations found between δ 13 C and ci or between δ 18 O and gs confirm this result. Furthermore, either in stantaneous (from gas exchanges) and integ rated WUE (from δ 13 C isotopes) data are in agreement in showing that, as a consequence of a parallel decrease of either gs and Amax, soil water restriction had no or slight influ ence on WUE. VPD was shown to have a larger impact on WUE than SWC. Such a re sponse should result in a negative feature un der climate change scenarios that may fur ther reduce the carbon sequestration and the productivity of Mediterranean forests.
